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1) Beam Physics _ Final Beam Bunching
2) HIF Implosion & Robust HIB illumination
3) Rayleigh-Taylor Instability Study in HEDP 







Longitudinal - Transverse Coupling Motions

Effect of Longitudinal Velocity Dispersion

Pulse Shape Deformation due to 
                                            Space-Charge Wave

3D Beam Particle Dynamics

Limitation of Head-to-Tail Velocity Tilt

Develop 3D Particle Code

but, full 3D calculation is hard work...



Electric Fields
Longitudinal Electric Field = Long Wave

Approximation

Transverse Electric Field = Poisson Eq.

Code Descriptions

Particle Motions

x, y, z & Px, Py, Pz

b+1bb-1

z



Beam Dynamics Analysis during Bunch Compression

Initial Velocity Tilt
 of 6.6%

Initial Line Charge Density

Initial Transverse Distribution

3D Particle Motion & 2D+1D Field Calculations

Continuous Focusing Lattice

Emittance Growth due to
Longitudinal-Transverse Coupling Motions

with Initial Gaussian & Flattop Pulse 
& Linear Head-to-Tail Velocity Tilt
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Robust HIB Illumination

• S. KAWATA, K. MIYAZAWA, T. SOMEYA, T. KIKUCHI,
Utsunomiya University, Japan,

• A.I. OGOYSKI, Varna Tech. University, Bulgaria

APS-DPP06, October 30-November 3, 2006, Philadelphia, Pennsylvania 

Displacement
  dz

Robust HIB illumination 
             -> HIB radius + Illumination θ
               Result: dz <~ 200-300µm <- Previous Result: dz <~ 20-50µm

Robust HIB illumination + target implosion
              -> Ongoing



Purpose
HIBs illumination non-uniformity -> non-uniform

implosion

Fusion Energy output reduction

 Find out a robust HIB illumination scheme against dz

in a direct-driven scheme

1) Detail HIB illumination analyses 
2) Low-density foam effect on the HIB

non-uniformity smoothing

Displacement
  dz



　Implosion non-uniformity < a few %
　-> HIB illumination non-uniformity
      should be less than a few %.

Pellet injector

Fusion reactor

3.00×104
8.14×104
1.33×105
1.84×105
2.36×105

(a)　dz = 0[µm] (b)　dz = 100[µm]

32-HIBs illumination

[J/mm3] Fuel Pellet

If dz requirement is relaxed, requirements for HIB control precision,
target positioning, & monitoring precision are relaxed.
  –> robust HIB illumination scheme & robust target

Previous Studies:
dz~20-50µm -> ~4.0%
HIB illumination non-
uniformity

2.0%

Displacement  dz

Reactor chamber center
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(a) Al pellet structure (b) Pb+Al pellet structure

Void
3.0mm

  Al
0.94mm
2.69g/cm3

Pb
0.06mm
11.3g/cm3

Void
3.0mm

    Al 
1.00mm
2.69g/cm3

Parameters 
Pb+ ion beam            

Beam number : 12, 20, 32     

Beam particle energy : 8GeV   

Beam particle density distribution : Gaussian

Beam temperature of projectile ions : 100MeV with the

                                                           Maxwell distribution

Beam emittance : 3.2mm-mrad

External pellet radius : 4.0mm

Pellet material : Al, Pb + Al 

12-beam

20-beam

32-beam

S. Skupsky and K. Lee, J. Appl.
Phys. 54, 3662 (1983).



　Optimization:

    1) Beam radius > target radius （4.0mm at present）
    2) θ

θ =37.38 [deg] 

θ =63.44 [deg]

θ =79.19 [deg] 

θ =100.2 [deg]

θ =116.6 [deg] 

θ =142.6 [deg] 
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HIB center line
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Δθ

Δθ

0<θ <90 [deg]

90<θ <180 [deg]
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Distribution of mode (1,0)



HIB illumination non-uniformity

Spectrum analysis
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Rb=4.6mm

32-beam,  Al target, External pellet radius 4.0mm

 mis-hitting HIB particles

Rb=4.6mm，Δθ =2[deg]
dz~200-300µm Non-uniformity~3.0%

Fuel pellet

HIB

HIB

HIB

HIB

HIB center line

x
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z

Δθ

Δθ

0<θ <90 [deg]

90<θ <180 [deg]



dz = 100 [µm]

32-beam, Al target
External pellet radius 4.0mm

ビーム半径 3.4mm

ビーム半径4.6mm，Δθ =2[deg]

Mode(1,0)

Rb < Target radius
Conventional Scheme

Rb=4.6mm > target radius
Δθ = 2 degree
New Scheme

Distribution of mode (1,0)



32-beam
Al target
External pellet radius 4.0mm

dx=dy=dz~200-300µm  -> non-uniformity 3.0-4.0%

Beam radius 4.6mm  Δθ = 2 [deg]

dx=dy=dz

dx

dy

dz

Pellet injector

Fusion reactor

Reactor chamber
 center

Displacement  dz

Fuel pellet



target

Radiation transport 
ON

OFF

With foam (0.5 mm thickness)

Without foam

32-HIBs illumination

0.5 mm foam

Without foam

pulse

Implosion Simulation 
                 including HIB illumination
 ->Ongoing project



Non-uniformity check 
 --- radiation effect in direct-driven target implosion



Foam Target

Required gain region

Mean ρR Maximum ion temperature

Gain curve



Radiation energy at low density region

*Conversion efficiency (Beam energy to radiation energy)
・0.5 mm foam :  ~ 4.5 %
・1.0 mm foam :  ~ 4.5 %
・w/o foam :  ~ 1.5 %

Mixture of direct and indirect mode



Detail HIB illumination analyses

  New Robust HIB illumination scheme was found.
       -> dz ~ 200 ~ 300 µm

 Ongoing:  Implosion simulation + HIB detail Illumination

     -> Preliminary results:  Even in a direct-driven target

         implosion, radiation smoothing effect is expected. A

         foam layer may help to enhance the smoothing.

Results



1) Beam Physics _ Final Beam Bunching
2) HIF Implosion & Robust HIB illumination

3) Rayleigh-Taylor Instability Study in HEDP 
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Single Mode Simulation [constant gravity]
density

gravity
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Single Mode Simulation [constant gravity]

t=0~6 [1/γ]



t=5 [1/γ]
density vorticity

Single Mode Simulation [constant gravity]
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Single Mode Simulation [oscillation gravity]
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Single Mode Simulation [oscillation gravity]

t=0~10 [1/γ]



density

vorticity

Single Mode Simulation oscillation (1[MHz]) 

t=5 [1/γ] t=7 [1/γ]



Single Mode Comparison  (t=5 [1/γ])
density vorticity

oscillation 
(1[MHz]) 

NoOscillation
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Multi Mode Simulation [constant gravity]

( ) ( )[ ]kx2sinkxsing
210

1
g:g

3:

10:

00

Low

High

++

ρ

ρ

1:k

1:g0

parameter

gravitydensity

gravity



Multi Mode Comparison  (t=5 [1/γ])
density vorticity

oscillation 
(1[MHz]) 

NoOscillation



Sample (1-beam profile) Simulation [NoOscillation]
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t=0.2 [μsec]
density vorticity

Sample (beam profile) Simulation [NoOscillation]



density

vorticity

t=0.2 [μsec] t=0.3 [μsec]

Sample Simulation oscillation (10 [MHz])



density vorticity

oscillation 
(10[MHz]) 

NoOscillation

Sample (beam profile) Comparison (t=0.2 [μsec])



Dynamic R-T Growth Reduction

HIB

Successive HIBs induce a dynamically 
Oscillating g!
-> reduce the R-T growth!

HIB HIB

target



HIB axis rotation or swing
-> reduce the R-T growth!

HIB

target



SUMMARY:
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2) HIF Implosion & Robust HIB illumination
3) Rayleigh-Taylor Instability Study in HEDP 


